Real-Time quantitative PCR (qPCR) for rapid and specific enumeration of microbial agents is 2 finding increased use in aerosol science. The goal of this study was to determine qPCR accuracy, 3 precision, and method detection limits (MDL) within the context of indoor and ambient aerosol 4 samples. Escherichia coli and Bacillus atrophaeus vegetative bacterial cells and Aspergillus 5 fumigatus fungal spores loaded onto aerosol filters were considered. Efficiencies associated with 6 recovery of DNA from aerosol filters were low and excluding these efficiencies in quantitative 7 analysis lead to underestimating the true aerosol concentration by 10 to 24 times. Precision near 8 detection limits ranged from 28% to 79% coefficient of variation (COV) for the three test 9 organisms and the majority of this variation was due to instrument repeatability. Depending on 10 the organism and sampling filter material, precision results suggest that qPCR is useful for 11 determining dissimilarity between two samples only if the true differences are greater than 1.3 to 12 3.2 times ( 95% confidence, n=7). For MDLs, qPCR was able to produce a positive response 13 with 99% confidence from the DNA of 5 B. atrophaeus cells and less than one A. fumigatus 14 spore.
INTRODUCTION 1
Real-Time quantitative PCR (qPCR) is an analytical method for the rapid and potentially 2 sensitive enumeration of broad and specific microbial populations in environmental samples 3 (17) . For bioaerosol analysis, this method allows for detection and enumeration independent of 4 culturing thereby circumventing the significant concerns surrounding unculturability of 5 environmental microorganisms and losses of culturability due to aerosol sampling (1, 2, 18, 34, 6 46, 55) . Over the last decade, the application of qPCR has advanced research in the human 7 health, environmental, and the national security arenas by enabling the specific measurement of 8 airborne allergenic mold, pathogenic bacteria, and human viruses (6, 7, 9, 13, 37, 45) . 9
The quantitative nature of this technique as well as the documented advantages over culturing 10 provide the potential for integrating microbial measurements with physical and chemical aerosol 11
processes to understand exposure and to describe the fate and sources of biological aerosols in 12 indoor environments and the atmosphere. However, the logarithmic amplification that is the 13 basis of qPCR, results in significant standard deviations among repeated qPCR reactions (25, 14 50). This variability rarely constrains the use of qPCR in aquatic and terrestrial systems where 15 biological growth typically dictates concentrations above detection limits and multiple order of 16 magnitude differences in microorganism concentrations between treatments. However, the 17 volume concentrations of biological agents in air (10 3 to 10 6 per m 3 air) are dramatically more 18 dilute than those measured in environmental waters (10 12 to 10 14 per m 3 water) (4, 5, 10, 12, 20, 19 52) and processes that result in indoor and atmospheric bioaerosol concentrations are growth 20 independent. These processes include aerosol infiltration and exfiltration, resuspension, and 21 deposition, and typically result in less than an order of magnitude variability in aerosol or 22 biological particulate matter concentrations (22, 29, 41) . As qPCR becomes more commonly 23 on September 23, 2017 by guest http://aem.asm.org/
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Laboratories, Detroit, MI) were inoculated with pure cultures of E. coli or B. atrophaeus cells 1 and grown overnight at 37°C and 28°C, respectively. Pure cultures were isolated by 2 centrifugation and resuspension in phosphate buffered saline (PBS) (10mM phosphate, 137mM 3 sodium chloride, pH 7.4) to a concentration of 10 8 cells ml -1 . A. fumigatus was grown on malt 4 extract agar (Difco Laboratories) in the dark at 23 o C for 21 days. Spores were removed from 5 hyphae using sterile cotton applicators and then suspended in 50 ml of 70% ethanol and divided 6 into subsamples containing 1.25 × 10 8 spores per tube. The tubes were centrifuged at 10,000G 7 for 3 minutes to pelletize the spores, the supernatant ethanol was removed, and the remaining 8 spore pellets stored at -20 o C prior to analysis. 9
To quantify whole cell concentrations, fungal spores and bacterial cells were counted under a 10
Zeiss AX10 microscope using a 2×10 -5 ml Coulter counting chamber (Hausser Scientific, 11
Horsham, PA) at 400 × and 1,000 × magnifications for fungi and bacteria, respectively. For each 12 enumeration, three to five independent replicate volumes of fungal spores or bacterial cells, each 13 including at least 25 fields and 1,000 total counts were performed. Replicate results were pooled 14 and averaged and standard deviation microorganism concentrations (# ml -1 ) were determined. 15 Accuracy, precision, and MDL calculations. Accuracy is the degree of closeness of a 16 measured value to the true value (35). In aerosol samples collected by filtration, accuracy is 17 limited by efficiencies in DNA extraction from cells and whole cell extraction from sampling 18 filters. To determine the percent DNA extraction efficiency (η DNA ), the DNA from test 19 microorganisms in aqueous solution was extracted and the DNA mass estimated as described 20 below with the PicoGreen assay. This value was compared to the theoretical value of total DNA 21 mass of a selected microorganism (equation 1 (1) 4
To determine extraction efficiency of whole cells or spores from sampling filters (η filter ), a 5 known quantity of cells was spiked onto clean or PM loaded quartz fiber or PCTE filters and 6 entered into the DNA extraction protocol. The recovered DNA mass was divided by the 7 recovered mass of DNA from the same number of cells originally spiked into PBS (equation 2). 8
Five independent η filter experiments were performed for each of the twelve cases (three test 9 organisms, PM loaded filters and clean filters, PCTE filters and quartz glass fiber filters). Precision is the degree to which repeated measurements under unchanged conditions show the 12 same results (35). Here, precision is separated into the total precision (reproducibility) and 13 precision associated with the analytical instrument (instrument repeatability Instrument repeatability was also quantified by calculating the COV of replicates. 4
For MDL, detection by qPCR is based on a logarithmic signal amplification and is binary -5 either positive or negative. Thus, a probability distribution was used to estimate the qPCR MDL. 6
For a binominal distribution, the probability of a successful detection (p) of n positive results out 7 of N trials is described by the probability mass function (equation 3): 8
where N C n represents the number of n factorial combinations from a given set of N elements. 10
In order to detect a microorganism concentration within the 99% confidence (26), at least n = 7 12 successful detections out of N = 7 trials (p = 1/128) are needed to claim that the detection 13 appears with a probability bigger than 0.99%. These qPCR instrument MDLs were performed by 14 Spiking microorganisms onto filters. Aerosol samples collected onto filters were considered 7 here as this sampling method is the most commonly used in bioaerosol molecular biology studies 8 (44) , provides aerosol collection efficiencies near 100%, and takes advantage of pre-existing, 9
well-described particulate matter samplers that allow for a variety of flow rates and control of 10 particle sizes. Aqueous solutions containing known amounts of microorganisms were spiked onto 11 either clean filters or filters preloaded with particulate matter (PM loaded filters) for whole cell 12 elution efficiency tests. Filter materials included 81 mm diameter quartz glass fiber filters (New 13 Star Environmental, Inc, Roswell, GA) and 37 mm diameter, 0.8 µm pore-size polycarbonate 14 track etched (PCTE) membrane filters (SKC, Inc., Eighty Four, PA). PM loaded quartz fiber 15 filters were obtained by sampling air for 72 hours in an urban location using a high volume PM 10 16 sampler (HiVol3000 Ecotech, Enviro Technology Services plc, Gloucestershire, GB) operated at 17 a flow rate of 1.13 m 3 min -1 with Whatman EPM2000 quartz fiber filters (Whatman International, 18
Ltd, Maidstone, GB). Except for the shape of the filters, physical properties of both Whatman 19 and New Star Environment quartz fiber filters were the same (100% pure borosilicate glass, 99% 20 minimum collection efficiency for particles < 0.3µm). PM loaded PCTE filters were obtained by 21 loading clean filters onto SKC PM 10 personal exposure monitors at a flow rate of 10 ± 0.5 L min Quantitative PCR was performed under thermal cycling conditions consisting of an initial 2 min 23 denaturation at 50°C, 10 min of further denaturation at 95°C, followed by 45 cycles of 15 s of 1 denaturation at 95°C, and 60 s of annealing/extension. Standard curves were developed for each 2 qPCR bacterial and fungal species using dilutions from a known concentration of genomic DNA. 3
To test for inhibition, extracts from PM loaded quartz fiber and PCTE filters were also added to 4 subsets of diluted A. fumigatus DNA and standard curves were produced. No significant 5 inhibition was observed. Molecular water blanks were run on each qPCR 96 well plate for 6 negative control and all qPCR measurements were replicated a minimum of three times. 7 8
RESULTS 9
Accuracy. When filters are used for efficient aerosol collection, the difference between the 10 measured value and true value is related to efficiencies of DNA extraction from cells and 11 extracting cells from aerosol collection filters. DNA extraction efficiencies were measured as the 12 ratio of extracted DNA per cell or spore to the theoretical DNA mass per cell or spore. The efficiencies associated with extracting whole cells from filters (η filter ) were determined for 20 clean and PM loaded quartz and PCTE filters for each test microorganisms. Whole cell 21 extraction efficiencies for these test organisms are presented in Figure 1 and ranged from 40% to 22 150% with PM loaded filters exhibiting a slightly higher average efficiency than clean filters. 23 on September 23, 2017 by guest http://aem.asm.org/
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Two tailed t-tests at 95% confidence comparing clean and PM loaded filters indicate no 1 significant differences for the three test organisms. While, no significant differences in η filter were 2 observed between quartz and PCTE filters for the bacteria, η filter for A. fumigatus were 3 significantly higher than filter efficiencies for bacterial test organisms on quartz fiber filters. 4
Overall, the efficiency associated with DNA extraction and filter extraction can be characterized 5 by multiplying η DNA by η filter . These overall efficiency values for each organism and filter type are 6 reported in Table 1 and their magnitude suggests that without inclusion in sample concentration 7 calculations, measured aerosol concentrations would underestimate the true concentrations by 8 10-16 times for E. coli, 20-24 times for B. atrophaeus, and 7 to 20 times form A. fumigatus. 9
Precision. Precision can be stratified into the subjects of reproducibility and instrument 10 repeatability. Reproducibility is the overall variation and incorporates errors from sample 11 loading, sample preparation, and the error inherent in analytical instruments. For instrument 12 repeatability, only the error in analytical equipment is measured. Figure 2 shows plots 13 demonstrating the reproducibility (circles) of qPCR results from samples near the detection limit. 14 The detected numbers were adjusted for η DNA and η filter using the overall values listed in Table 1 was found in these samples (on the PM loaded onto the quartz fiber filters) at levels above the 1 MDL. In this case, the quantities of the measured spores were above the detection level (η DNA + 2 η filter adjusted average of 1,670 spores/filter) with a COV of 42% (n = 7) and demonstrated 3 reproducibility similarities between naturally occurring and spiked A. fumigatus samples. 4
Using the largest measured reproducibilities for each of the three organisms and a 95% 5 confidence interval, n=7, the dissimilarity in the microbial quantities of two samples cannot be 6 resolved unless the true difference is greater than 3.2 times for E. coli, 2.5 times for B. 7 atrophaeus, and 2.5 times for A. fumigates. For a given reproducibility COV this value increases 8 significantly as the number of replicates decreases. For example, for E. coli with COV = 79%, 9 the two true values must be dissimilar by at least 3.2 times (n = 7), 5.8 times (n = 5), and 35 10 times (n = 4) to ensure that these differences can be significantly identified by qPCR. 11
The COV values for instrument repeatability are also presented in Table 2 for all species. 12
Average COV values for instrument repeatability for the ~10 3 and ~10 4 cases averaged 32% and 13 40% for all organisms. Instrument repeatability accounted for more than 50% of the 14 reproducibility. 15
Method detection limit. In order to detect a microorganism concentration with 99% 16
confidence (26), at least n = 7 successful detections out of N = 7 trials (p=1/128) are required. 17
The lowest amount of DNA at which seven successful detections can be observed out of seven 18 trials was measured to be the genomic DNA from 5 cells of B. atrophaeus (1 qPCR target 19 gene/genome) and the genomic DNA from 0.05 spores for A. fumigatus (average 54 qPCR target 20 genes per genome)( Table 3 ). Overall MDL values that account for extraction efficiencies η DNA 21 and η filter as well as the ratio of extracted DNA to the DNA used as template (F) in the qPCR 22 reaction are also presented in Table 3 for F = 25. estimates by demonstrating the volume of air that must be sampled to meet detection levels for a 1 particular organism based on the overall MDL values presented in Table 3 . The rapidly expanding field of environmental molecular biology brings the promise of 5 describing how physical, chemical, and biological processes influence human exposure to 6 allergenic, toxic, or pathogenic microorganisms in air. The comprehensive treatment of accuracy, 7 precision, and MDLs presented here provides guidelines enabling researchers to prevent 8 underestimation of exposure due to sample processing inefficiencies, to define a level of 9 statistical rigor for aerosol qPCR experimental design such that real differences are not obscured 10 by experimental error, and to choose sampling strategies to ensure that MDLs are below relevant 11 aerosol concentrations. Such information is required if qPCR measurements are to advance 12 exposure science and enable mechanistic investigations of the fate and sources of indoor and 13 ambient biological aerosols. An inherent limitation of this study was that accuracy, precision and 14 MDL estimates are influenced by organism and sampling processing protocols. Thus, these 15 values cannot be directly interpreted for every aerosol study and are rather meant to demonstrate 16 the need for a more statistically rigorous qPCR approach, and to provide a template for these 17 approaches. While laboratories that perform qPCR on aerosol samples must determine these 18 parameters with their particular equipment, personnel and sample types, and target organisms, organisms, and this may not be practical for a diversity of researchers and practitioners engaged 20 in bioaerosol quantification. Results here also suggest that a standard curve produced by spiking 21 a known content of target organisms onto the relevant sampling substrate will also produce an 22 accurate strategy to aerosol qPCR-based measurements. Finally, while PCR inhibition was not 23 observed here, inhibition from particulate matter has been previously demonstrated to reduce 1 accuracy and precision associated with qPCR and must be reduced or removed when relevant 2 (15, 38) . 3 The results presented here also contribute to bioaerosol quantification by defining the 4 precision that can be expected in qPCR analysis of PM loaded filters. The experimental 5 variations inherent in qPCR place practical limits on resolving the differences among different 6 aerosol samples or treatments. Using the highest COV values (n=7) for reproducibility, samples 7 that were different in concentrations by less than 3.2 times could not be statistically 8 distinguished. This value increased when fewer replicates were used (Table 3) . While including a 9 large amount of replication should be standard practice in qPCR aerosol investigations, there are 10 additional opportunities to improve precision. The largest uncertainties in reproducibility were 11 embedded in the instrument repeatability, which accounted for greater than 50% of the total 12 variation. Instrument repeatability, however, can be improved if the quantity of sample template The MDL concept has added importance in bioaerosol research. The constant exposure of 19 humans through inhalation results in health effects (allergenic response, infection, etc) at low 20 aerosol concentration levels. Thus, impacts may occur at levels that go undetected in aerosol 21 samples when collection time is limited. Where health relevant or other regulatory guideline 22 exposure levels can be defined, knowledge of the MDL can be used to determine the volume of 23 air that must be sampled to reach these relevant levels. In cases where agents are not detected, 1
MDLs and sample volume information provide insight into the importance of these nondetect 2 values. The overall MDL's reported for the test bacteria B. atrophaeus and test fungi A. 3 fumigatus ranged from 2,000 to 3,000 bacteria and 10 to 25 spores respectively. The major 4 differences in these two values was due to the number of target gene copies in each organism, 1 5 copy per cell of the recA gene for B. atrophaeus, and an average of 54 gene copies per spore of 6 the 18S rRNA gene in A. fumigatus. Detection limits are also strongly influenced by the ratio (F) 7 of total DNA extracted to the DNA that is used in the final qPCR reaction. This ratio and the 8 overall MDL can be reduced by concentrating the DNA in the final extract through either 9 evaporation or by ethanol precipitation, although losses in these processes are possible from 10 inefficient precipitation and collection or from increased PCR reaction inhibition caused by 11 concentrating contaminants in the extract. 12
Finally, E. coli was not included in MDL determinations due to the presence of contaminant 13 DNA from recombinant E. coli DNA polymerase production. When E. coli or universal bacterial 14 primers are applied to no template controls, qPCR typically produces a positive signal ranging 15 from 10 1 to 10 2 gene copies. In these cases, custom qPCR master mixes may be produced in 16 order to independently dilute DNA polymerase concentration (51) which, in turn, reduces the 17 signal in no template controls. This reduction, however, changes the shape of fluorescence versus 18 cycle number qPCR curves and requires that full standard curves be produced at these reduced 19 DNA polymerase contents. Such concerns with positive no template controls are also associated 20 with qPCR using universal primers and have been reported for other specific primer sets (50). In 21 these cases, qPCR MDLs are more appropriately defined by identifying a template quantity that 22 is significantly greater than the response generated by a no template control. These MDLs will be 23 presented here are meant to provide guidance on the experimental and statistical rigor that must 10 accompany qPCR aerosol measurements, which are unlike water and terrestrial matrices in that 11 differences between aerosol samples are smaller and concentrations typically hover near MDLs. 12
This guidance includes recommendations on the importance of accounting for sample 13 preparation efficiencies, requirements for sample replication, opportunities for improving 14 precision, and approaches for estimating and meeting method detection limits. With these 15 controls in place, the continued use of qPCR in aerosol science and engineering is expected to 16 lead to more robust estimations of exposure and contribute to elucidating the processes that 17 influence biological concentrations and fate in indoor air and the atmosphere. 
